The Mixed Lineage Leukemia protein-1 (MLL1) belongs to the SET1 family of histone H3 lysine 4 methyltransferases. Recent studies indicate that the catalytic subunits of SET1 family members are regulated by interaction with a conserved core group of proteins that include the WDrepeat protein-5 (WDR5), retinoblastoma binding protein-5 (RbBP5), and the Absent small homeotic-2-like protein (Ash2L). It has been suggested that WDR5 functions to bridge the interactions between the catalytic and regulatory subunits of SET1 family complexes. However, the molecular details of these interactions are unknown. To gain insight into the interactions among these proteins we have determined the biophysical basis for the interaction between the human WDR5 and MLL1. Our studies reveal that WDR5 preferentially recognizes a previously unidentified and conserved arginine containing motif-called the "Win" or WDR5 interaction motif, which is located in the N-SET region of MLL1 and other SET1 family members. Surprisingly, our structural and functional studies show that WDR5 recognizes arginine 3765 of the MLL1 Win motif using the same arginine binding pocket on WDR5 that was previously shown to bind histone H3. We demonstrate that WDR5's recognition of arginine 3765 of MLL1 is essential for the assembly and enzymatic activity of the MLL1 core complex in vitro.
repeating unit of chromatin is the nucleosome, in which 147 base pairs of genomic DNA is wrapped around a disc-shaped octamer of histone proteins H2A, H2B, H3 and H4 (2, 3) . Nucleosome positioning on DNA is fundamentally involved in controlling gene access, and is regulated in part by a diverse array of enzymes that introduce covalent posttranslational modifications on histone proteins (4, 5) . An extensive array of histone modifications have been characterized, including lysine acetylation, lysine and arginine methylation, serine and threonine phosphorylation, and lysine ubiquitylation (6, 7) . The large number of potential histone modification patterns provides cells with an enormous combinatorial potential for the precise regulation of gene function. This potential is summarized by the Histone Code hypothesis (8) (9) (10) , which predicts that patterns of histone modifications are recognized by specialized "effector" domains found in numerous chromatin regulators. It is thought that effector domains help recruit the activities of proteins that either stabilize or remodel specific chromatin states (5, 11, 12) .
The combinatorial complexity of histone modifications is further increased by histone lysine residues that can be mono-, di-, or trimethylated, which are correlated with distinct functional outcomes. For example, chromatin immunoprecipitation (ChIP) experiments suggests that nucleosomes occupying the 5' ends of active genes are trimethylated at H3 lysine 4 (H3K4me3), whereas the body of active genes tend to posses nucleosomes dimethylated at H3K4 (13) (14) (15) (16) (17) . H3K4me3 is thought to activate transcription through the recruitment of proteins that mobilize nucleosomes by ATP-dependent nucleosome remodeling enzymes, such as CHD1 (18) or NURF (19) . Several enzymes that regulate H3K4 methylation have been identifiedall possessing the evolutionarily conserved SET domain, which is required for lysine methylation (20, 21) . Members of the SET1 family of SET domain proteins assemble into multi-subunit complexes that regulate mono-, di-, and trimethylation of H3K4. In budding yeast, evidence suggests that SET1p is the sole H3K4 methyltransferase (22) , which exists in a multisubunit complex called COMPASS (23) (24) (25) . In contrast, humans encode at least 6 different SET1 family members: the Mixed Lineage Leukemia proteins MLL1-4, and the SET1a and SET1b proteins (26) (27) (28) (29) (30) (31) (32) (33) (34) . The most studied human SET1 family member is MLL1 (ALL1, HRX, Htrx), which is required for the regulation of HOX genes in hematopoiesis and development (29, 35, 36) . MLL1 assembles into distinct multisubunit complexes that share several proteins that are conserved among SET1 family complexes from yeast to humans (28, 37, 38) .
Recent evidence suggests that the enzymatic activity of SET1 family complexes is regulated by specific protein-protein interactions (30, 39) . For example, it was recently shown that the minimal complex required for di-and trimethylation of H3K4 includes MLL1, WDR5, RbBP5 and Ash2L which together form the MLL1 core complex (39) . Evidence suggests that WDR5, RbBP5 and Ash2L form a stable sub-complex that is capable of interacting with the different members of the SET1 family of SET domain proteins (39) . The WD40 repeat protein WDR5 is critical for these interactions, as it has been shown to bridge the interactions between the catalytic SET domain of MLL1 and the RbBP5 and Ash2L regulatory components of the MLL1 core complex (39) . RNAi knockdown of WDR5 in mammalian cells results in the global loss of H3K4me3 (39, 40) , which is correlated with decreased expression of Hox genes and defects in hematopoiesis and development (40) . Similar phenotypes are observed in MLL1 -/-and MLL1ΔSET mice (35, 36) , suggesting that WDR5 and MLL1 function together to regulate Hox gene expression in vivo (41) . In this and the accompanying investigation 1 , we identify and characterize a highly conserved WDR5 interaction motif, or "Win" motif, which is located in the N-SET region of MLL1 and other SET1 family members. In addition, we demonstrate that the Win motif is critical for the assembly and enzymatic activity of the MLL1 core complex in vitro.
EXPERIMNENTAL PROCEEDURES
Protein expression and purification. A human spleen c-DNA library was used to amplify an MLL1 C-terminal fragment encoding residues 3592-3969. PCR subcloning was used to amplify MLL1 SET domain constructs consisting of residues 3745-3969 (MLL 3745 ) and residues 3811-3969 (MLL 3811 ). MLL 3745 and MLL 3811 were ligated into the pGST and pMBP parallel vectors, respectively (42) . pMCGS7 plasmids encoding full-length WDR5 as Nterminal His6 fusions were obtained as generous gifts from Alexander Ruthenburg and David Allis. A plasmid containing the RbBP5 clone was obtained as a generous gift from Yali Dou, which was sub-cloned into the pET3a vector without affinity tags. The Ash2L gene (Clone ID 3921999) was purchased from Open Biosystems, and sub-cloned into the pHis Parallel vector, which encodes TEV cleavable N-terminal His6 fusion.
All recombinant proteins were overexpressed in E. coli (Rosetta II, Novagen) by growing cells containing the plasmids at 37°C in Terrific Broth medium containing 50 µg/ml carbenicillin to an OD 600 of 1.0. The temperature was then lowered to 16°C and cells were induced with IPTG (0.1 -1mM) for 16-18 hrs. RBBP5 and Ash2L were induced with 0.1mM and 0.25mM IPTG, respectively. Cells were harvested, resuspended in lysis buffer (50mM Tris pH 7.3, 300mM NaCl, 10% glycerol, 3mM DTT, 0.1mM PMSF, and EDTA free protease inhibitor cocktail (Roche)), lysed with a microfluidizer cell disrupter and clarified by centrifugation. Cells containing the RbBP5 plasmid were lysed instead using the same lysis buffer containing 1X BugBuster® (Novagen), which minimized RbBP5 degradation upon cell lysis. Clarified supernatants containing the GST-MLL 3745 protein was passed over a glutathione sepharose column (GSTrap TM FF column, GEHealthcare) and GST-MLL 3745 was eluted with a gradient of reduced glutathione. Fractions containing GST-MLL treated with tobacco etch virus (TEV) protease and dialyzed with three changes against lysis buffer (without protease inhibitors). MLL 3745 was further purified over glutathione sepharose column followed by gel-filtration chromatography. MBP-MLL 3811 fusion protein was purified by amylose affinity chromatography followed by TEV protease treatment and 2 rounds of gel-filtration chromatography. Full-length WDR5 protein was expressed and purified as previously described (43) . RbBP5 protein was purified by ion exchange and gel filtration chromatography. Ash2L was purified by nickel affinity chromatography (HisTrap column, GEHealthcare), dialysis and TEV cleavage to remove imidazole and the His6-tag, and repurification over a His-trap column. As a final step of purification and for buffer exchange all proteins were passed through a gel filtration column (Superdex 200, GE Healthcare) preequilibrated with 20mM Tris(pH7.5), 300mM NaCl, 1mM TCEP and 1µM ZnCl 2 .
Mutagenesis and peptides. Point mutations were introduced into MLL1 and WDR5 constructs using the QuickChange site directed mutagenesis kit (Stratagene). Plasmids were sequenced to verify the presence of the intended mutations and the absence of additional mutations. Peptides were synthesized by Global Peptide and Genscript.
Analytical ultracentrifugation.
Analytical ultracentrifugation experiments were carried out using a Beckman Coulter ProteomeLab TM XL-A analytical ultracentrifuge equipped with absorbance optics and an eight hole An-50 Ti analytical rotor. Sedimentation velocity experiments were carried out at 10°C and 50,000 rpm (200,000g) using 3 mm two sector charcoal filled Epon centerpieces with quartz windows. Each sample was scanned at 0-min time intervals for 300 scans. Protein samples in 20mM Tris-Cl pH 7.5, 300mM NaCl, 1mM TCEP and 1µM ZnCl 2 were run at various concentrations and molar ratios as described in the text. Sedimentation boundaries were analyzed by the continuous distribution (c(s)) method using the programs SEDFIT (44). Equilibrium dissociation constants for WDR5-MLL1 complexes were obtained by global fitting sedimentation velocity data acquired at several different protein concentrations using the single-site hetero-association model (A + B ↔ AB) of SEDPHAT (45, 46) . The program SEDNTERP version 1.09 (47) was used to correct the experimental S-value (S*) to standard conditions at 20°C in water (S 20,w ) and to calculate the partial specific volume of each protein.
Methyltransferase assays. Radiolabelling assays were conducted by combining 7µg of MLL 3745 or MLL 3811 with 500 µM histone H3 peptide containing residues 1-20 (with GGK-Biotin on the C-terminus) and one microcurrie of 3 Hmethyl-S-adenosyl-methionine ( 3 H-SAM, GE Healthcare) in 50mM Tris, pH 8.5, 200mM NaCl, 3mM DTT, 5mM MgCl 2 , and 5% glycerol. The reactions were incubated at 15 °C for 2 hours, stopped by the addition of SDSloading buffer to 1X, and separated by SDS-PAGE on a 4-12% gradient gel (Invitrogen). The gel then was soaked in an autoradiography enhancer solution (Enlightning, Perkin Elmer), dried, and exposed to film at -80°C for 24 hours.
Mass spectrometry assays were conducted by adapting that previously reported for Dim5 and SET7/9 histone methyltransferases(48).
Six micrograms of MLL 3745 or MLL1 core complex was incubated with 250 µM s-adenosyl-methionine and 10 µM histone H3 peptide (1-20) at 15 °C in 50mM TrisCl pH 9.0, 200mM NaCl, 3 mM DTT, and 5% glycerol. The reactions were quenched at various time points by the addition of trifluoroacetic acid to 0.5%. The quenched samples were diluted 1:4 with α-cyano-4-hydroxycinnamic acid. MALDI TOF mass spectrometry was performed on a Bruker AutoFlex mass spectrometer (State University of New York, Oswego) operated in reflectron mode. Final spectra were averaged from 100 shots/position at 10 different positions.
Circular Dichroism Spectroscopy. Circular Dichroism (CD) spectra were collected on an AVIV 62A DS spectropolarimeter equipped with a Neslab CFT-33 refrigerated circulator at 10°C using a 0.1 mm path length cell. Spectra for each protein at a concentration of 0.2 mg/ml by on October 5, 2008 www.jbc.org
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were collected in a buffer containing 10mM Tris (pH 7.5), 200 mM NaCl, 1mM TCEP and 1 μM ZnCl 2 . The background contribution of the buffer alone was subtracted from each protein spectrum.
RESULTS

WDR5
forms a stable complex with the N-SET region of MLL1. MLL1 is a large protein of 3,969 residues containing several conserved domains with functions implicated in transcriptional regulation (49) (Figure 1) . Previous efforts to map the interaction region between MLL1 and WDR5 led to the identification of three distinct WDR5 interaction regions in MLL1 (38) . The most C-terminal MLL1 fragment that interacts with WDR5 includes residues 3301-3969, which includes the N-SET region and the evolutionarily conserved ~130 amino acid SET domain at the extreme Cterminus. The location of the WDR5 binding site within this region is unknown. Previous immunoprecipitation experiments showed that deletion of the last 149 amino acid residues spanning the MLL1 SET domain prevents coimmunoprecipitation of WDR5, RbBP5, and Ash2L with MLL1 (28) , suggesting that the conserved SET domain of MLL1 is important for the interaction with the sub-complex. In contrast, domain mapping experiments with the human SET1a protein suggests that approximately 120 amino acid residues in the N-SET region is required for coimmunoprecipitation of WDR5, RbBP5 and Ash2L (33) . A similar region of the MLL3 protein was shown to interact with WDR5 in GST-pull-down experiments (50) . These results suggest that the N-SET region of MLL1 may be recognized by the WDR5 component of the MLL1 core complex. To test this hypothesis, we performed sedimentation velocity analytical ultracentrifugation experiments to compare the hydrodynamic properties of two highly pure MLL1 SET domain constructs in the presence and absence of WDR5.
The first MLL1 SET domain construct consisted of residues 3745-3969 of human MLL1 (hereafter referred to as MLL 3745 ), which was shown in previous studies to be the minimal domain required for interaction with the Ini1 tumor suppressor (51) and for MLL1 SET domain self-association (52) . This construct contains 66 amino acid residues of the N-SET region followed by the conserved SET and post-SET domains (Figure 1a) . We show in a separate investigation that MLL 3745 is the minimal MLL SET domain construct required for the assembly of the full MLL1 core complex in vitro 2 . In the second MLL1 SET domain construct, the Nterminal residues encompassing the N-SET region were deleted. This construct consists of residues 3811-3969 (MLL 3811 ) and encompasses only the conserved SET and post-SET domains (Figure 1a ). Both constructs are catalytically active in methyltransferase assays with histone H3 peptides encompassing residues 1-20 ( Figure  1b) .
Sedimentation velocity analyses were first performed with each of the proteins individually and were fitted to a distribution of Lamm equation solutions to determine the diffusion-free sedimentation coefficient distribution (c(s)) (44). Figure 2a- (Figure 2d ). The calculated molecular mass of this complex is 62 kDa, which is within error similar to the expected molecular mass for a 1:1 complex between WDR5 and MLL 3745 (Table 1) . Varying the concentration of the complex at equimolar concentrations shows a relatively constant peak position (Figure 2d ), suggesting that the complex is stable on the timescale of sedimentation (45) . Global fitting of the data using a hetero-association model (A+B ↔AB ) in the program SEDPHAT (46) gives a dissociation constant (K d ) of 0.12 ± 0.02 µM (± std. error from three independent experiments) with a k off value of 1.2 x 10 -5 s -1 ( Figure 2e , Table 2 ). These data indicate that WDR5 forms a high affinity complex with MLL 3745 that is stable on the timescale of sedimentation.
To further map the interaction between WDR5 and MLL1, sedimentation velocity experiments were conducted with an equimolar mixture of WDR5 and MLL 3811 , which lacks the N-terminal N-SET region ( Figure 1a ). As shown in Figure 2f , the c(s) distribution suggests that WDR5 and MLL 3811 sediment as noninteracting species with derived molecular masses consistent with the monomeric forms of each protein. The same result is observed when the experiment is conducted with a 1:5 stoichiometric excess of WDR5 (not shown). These results indicate that the 66-residue N-SET region of MLL1 is required for the interaction of WDR5 with MLL1.
WDR5 recognizes a conserved arginine containing sequence in the N-SET region of MLL1.
To identify amino acid residues in the N-SET region that may be involved in the interaction between MLL1 and WDR5, we performed a sequence alignment of mammalian SET1 family members that are known to interact with WDR5 ( Figure 3 and Supplementary  Figure 1 ) (28, 32, 33, 38, 39, 50) . While the N-SET region is much less conserved than the catalytic SET and post-SET domains, a conserved sixresidue sequence containing the MLL1 residues GSARAE stands out in the N-SET region. To determine if these residues are important for the interaction of WDR5 with MLL1, we individually replaced S3763, R3765, and E3767 of MLL1 with alanine, and compared the wildtype and mutant MLL 3745 proteins for their ability to interact with WDR5 in sedimentation velocity experiments. The results show that while the S3763A and E3767A mutant proteins only modestly affect the interaction of MLL 3745 with WDR5 ( Figure 4a ,c, Table 2 ), the replacement of R3765 with alanine abolishes the interaction (Figure 4b ). No interaction is detected even when the experiment is conducted at a 1:5 stoichiometric ratio (data not shown). To determine if the R3765A mutation disrupts the overall conformation of MLL 3745 , we compared far-UV circular dichroism (CD) spectra among the wild-type and mutant MLL 3745 proteins ( Figure 4d ). The results show that wild-type and mutant protein spectra are essentially superimposable, suggesting that the mutations do not alter the secondary structure of MLL 3745 . In addition, the frictional coefficients (f/fo) derived from sedimentation velocity experiments are essentially unchanged between the wild-type and mutant MLL1 proteins ( Table  2 ), suggesting that the mutations do not significantly alter the overall hydrodynamic shape of MLL 3745 . Taken together, these results suggest that R3765 of MLL1 is critical for the interaction with WDR5.
The arginine binding cleft of WDR5 is required for interaction with MLL1. Previous Xray structural studies of WDR5 bound to histone H3 peptides reveal that arginine 2 of H3 is critical for the interaction with WDR5 (41, (53) (54) (55) . The side chain of H3R2 inserts into a central cavity of WDR5 and is stabilized by hydrogen bond, hydrophobic and cation-π interactions. Since the sequence surrounding R3765 of MLL1 is similar to that surrounding R2 of H3 (Figure 5a ), we hypothesized that WDR5 interacts with MLL1 by a similar mechanism. To test this hypothesis, we constructed point mutations in WDR5 and analyzed the mutant proteins for their ability to interact with wild-type MLL 3745 in sedimentation velocity experiments. It was previously reported that the S91K and F133A WDR5 mutations prevent histone H3 binding to free WDR5 (39, 41, 53) . Both S91 and F133 line the surface of the central arginine binding cavity, and the replacement of S91 with lysine is expected to sterically interfere with the insertion of the arginine side chain into the cavity. F133 makes extensive hydrophobic and cation-π interactions with the guanidinium of arginine, and was previously shown to be critical for the interaction of histone H3 with WDR5 (41,53). As expected, both the S91K and F133A WDR5 proteins are incapable of interacting with MLL 3745 in sedimentation velocity experiments (Figure 5b ,c). This occurs without significant changes in the frictional coefficient or CD spectra of either mutant protein ( Figure 5e , Table 2 ), suggesting that the overall conformation of the S91K and F133A mutant proteins are similar to that of wild-type WDR5.
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These results suggest that the central arginine binding cavity of WDR5 is essential for the interaction with MLL1.
Previous results suggest that histone H3 binding to WDR5 is significantly reduced by the Y191F mutation in WDR5 (41) . This is because Y191 interacts with T6 in the histone H3-WDR5 crystal structure (41, (53) (54) (55) . To determine if the Y191 of WDR5 is important for the interaction of WDR5 with MLL1, we constructed Y191F WDR5 and determined its ability to interact with MLL 3745 in sedimentation velocity experiments. Intriguingly, unlike wild-type WDR5 which exists as a monomer in solution, the replacement of Y191 with phenylalanine results in significant self-association, as the sedimentation velocity profile in the absence of MLL 3745 shows two peaks characteristic of a mono-dimer equilibrium at 2.32 S* and 2.9 S* (Figure 5d , dotted line). At 0.5 mg/ml, approximately 50% of WDR5 exists as a monomer and dimer species, respectively. In contrast, at 1 mg/ml, approximately 70% of WDR5 exists in the dimer form (data not shown), consistent with selfassociation. However, in the presence of MLL 3745 , the dimer dissociates and forms a 1:1 complex with MLL 3745 that is similar to that of the wild-type complex at 2.8 S* (Figure 5d , solid line). The apparent dissociation constant for the binding of WDR5 to MLL 3745 is increased 3-fold when Y191 of WDR5 is replaced with phenylalanine (K d = 0.35 µM, Table 2 ). These results suggest that Y191 of WDR5 does not significantly contribute to the interaction with MLL 3745 , and that the modest increase in the dissociation constant for the complex is likely due to competition between self-association and MLL 3745 binding near the arginine binding cavity of WDR5.
Peptide derived from MLL1 Win motif disrupts WDR5-MLL
3745 complex. The results presented above suggest that a peptide containing the MLL1 Win motif should inhibit the formation of the complex between MLL 3745 and WDR5. To test this hypothesis, we compared sedimentation velocity profiles of the WDR5-MLL 3745 complex in the presence of increasing amounts of a 12-residue synthetic peptide derived from the MLL1 Win motif. The MLL1 peptide consists of residues 3762-3773 and contains the conserved GSARAE motif plus an additional six residues (called: MLL1 Win peptide). This peptide was synthesized with acetyl-and amide-capping groups on the N-and C-termini, respectively-to eliminate the effects of unnatural N-and Cterminal charges on the binding. As a control, we performed the same experiments using an arginine containing peptide from the C-terminus of the human p53 tumor suppressor (56) . The results show that even at a 2-fold molar excess of the MLL1 Win peptide, the WDR5-MLL 3745 complex no longer sediments as a stable complex, as its sedimentation peak is broadened and shifted to 2.58 S* ( Figure 6 ). It is likely that this peak represents the equilibrium distribution between free WDR5 and the MLL 3745 -WDR5 complex, which cannot be resolved within signal-to-noise of the data. Consistent with this, increasing the MLL1 Win peptide concentration causes the complex to increasingly dissociate with sedimentation values for each protein approaching that expected for non-interacting species. In addition, a peak corresponding to free MLL 3745 appears at 1.7 S*, the concentration of which also increases with increasing MLL1 Win peptide. When the same experiments were conducted with a 20-fold molar excess of the control p53-peptide, the WDR5-MLL 3745 complex is unaffected ( Figure 6 ). These results are consistent with a model in which MLL1 Win peptide specifically competes with MLL1 for the central arginine binding groove of WDR5.
Recognition of R3765 of MLL1 is essential for the assembly and enzymatic activity of the MLL1 core complex. Previous co-immunoprecipitation experiments indicate that WDR5 functions to bridge the interaction between the catalytic subunit of MLL1 and the non-catalytic regulatory components of the MLL1 core complex: namely RbBP5 and Ash2L (39) . Given that R3765 of MLL1 is essential for the interaction between MLL 3745 and WDR5, we hypothesized that the same residue will be critical for the assembly and activity of the full MLL1 core complex. Figures 7a and  7b) . Instead, we observe two separate peaks that correspond to free MLL 3745 at 1.7 S* and the WDR5-RbBP5-Ash2L (W-R-A) sub-complex at 4S*, which is where the sub-complex sediments in the absence of MLL1 (Table 1) . Consequently, the H3K4 dimethylation activity of the wild-type MLL1 core complex is lost when R3765 of MLL1 is replaced with alanine (compare Figures 7 g and h) . Instead, only monomethylation of histone H3 is observed. A similar result was observed when we attempted to assemble the complex in the absence of WDR5 (Figures 7 c and i) . These results suggest that WDR5's recognition of R3765 of MLL1 is critical for the assembly and H3K4 dimethylation activity of the MLL1 core complex.
To further test this hypothesis, we reasoned that mutations in the arginine binding pocket of WDR5 should also disrupt the assembly of the MLL1 core complex in vitro and diminish the H3K4 dimethylation activity. We mixed wild-type MLL 3745 , RbBP5, and Ash2L proteins with the S91K and F133A WDR5 proteins, and compared sedimentation velocity profiles and enzymatic activity to that of the wild-type core complex. As a control, we performed the same experiments with a WDR5 mutant protein where Y191 was replaced with phenylalanine. Y191 resides outside the arginine binding pocket of WDR5 and has been suggested to interact with histone H3 (41) .
Sedimentation velocity results show that both the S91K and F133A WDR5 proteins are capable of forming the 4 S* WDR5-RbBP5-Ash2L sub-complex in solution (Figure 7d and  7e, respectively) -RbBP5-Ash2L sub-complex at 4 S* (Figure 7d ). As observed with the R3765A mutation of MLL1, the dimethylation activity of the MLL1 core complex is lost when assembled with the S91K WDR5 protein (Figure 7j) .
Similarly, when the complex is assembled with F133A WDR5, two peaks are observed, but with shifted S* values at 2.02 and 4.63 (Figure 7e, solid black line) . The S* value at 2.02 is slightly larger than that of free MLL 3745 , while the peak at 4.63 is between that expected for the 4S* WDR5-RbBP5-Ash2L subcomplex and the 5 S* MLL1 core complex. It is likely that the single peak at 4.63S* represents an equilibrium mixture of the 4S* and 5S* species that cannot be resolved within the signalto-noise of the data. In support of this, the WDR5 F133A -RbBP5-Ash2L sub-complex in the absence of MLL 3745 sediments with an S* value similar to that of the wild-type sub-complex at 4 S* (Figure 7e, dotted line) . These results are consistent with a system in which the dissociation rate constant is rapid compared to the timescale of sedimentation (k off ~ 0.01 s -1 ) (45). These results suggest that the interaction between MLL1 and WDR5 within the MLL1 core complex is significantly weakened when F133 of WDR5 is replaced with alanine. Consistent with a weak interaction, the H3K4 dimethylation activity of wild-type MLL1 core complex is diminished by ~80% when F133 of WDR5 is replaced with alanine ( Figure 7k ). These results suggest that there is a correlation between MLL1's interaction with the WDR5 component of the MLL1 core complex and its ability to catalyze H3K4 dimethylation. In contrast, when the complex was assembled with the Y191F mutant WDR5 protein, no changes were detected in the sedimentation behavior or enzymatic activity of the MLL1 core complex compared to that of the wild-type complex ( Figure 7 f and l) . Taken together, these results demonstrate the critical nature of the interaction between the arginine binding pocket of WDR5 and R3765 of the MLL1 Win motif for the assembly and dimethylation activity of the MLL1 core complex in vitro.
The MLL1 Win peptide specifically inhibits H3K4 dimethylation activity of the MLL1 core complex. As shown above, a peptide derived from the MLL1 Win motif specifically competes with MLL1 for binding to WDR5 ( Figure 6 ). To determine if the same peptide can inhibit the assembly and activity of the MLL1 core complex in vitro, we compared sedimentation velocity profiles and enzymatic activity of the MLL1 core complex in the presence and absence of increasing amounts of the MLL1 Win peptide. As above, we used the arginine containing p53 peptide as a control. As shown is Figure 8a , the addition of a 20-, 30-, and 60-fold stoichiometric excess of the MLL1 Win peptide causes the 5 S* sedimentation peak of the MLL1 core complex to increasingly broaden and shift to lower sedimentation values. For example, at a 60-fold excess of the MLL1 Win peptide, the sedimentation profile of the complex is significantly broadened with a peak at 4.6 S* (Figure 8a ), similar to that observed with complexes assembled with the F133A WDR5 protein (Figure 7e ). This is consistent with a model in which the MLL1 Win peptide competes with MLL1 for binding to the WDR5 component of the WDR5-RbBP5-Ash2L sub-complex, producing a broad c(s) peak intermediate between the 4S* subcomplex and the 5S* holocomplex that is not resolvable within the signal-to-noise ratio of the data. To test this hypothesis, instead of fitting the data with a maximum entropy regularization with uniform prior knowledge, we reanalyzed the data incorporating prior knowledge derived from the s values of the sub-complex and holocomplex determined from independent sedimentation experiments using the Bayesian implementation in SEDFIT (57) . The resulting sedimentation coefficient distribution shows that the two species can be resolved with amplitudes that depend on the MLL1 Win peptide concentration (Figure 8b ). These results suggest that increasing amounts of the MLL1 Win peptide increasingly shifts the equilibrium of the complex towards dissociation of MLL 3745 . We note that the concentration of Win peptide required to observe this effect is significantly higher than that required to dissociate the MLL 3745 -WDR5 complex in solution (Figure 6 ), suggesting that RbBP5 and Ash2L contribute additional interactions with MLL1 that stabilizes the corecomplex.
In contrast, when the same experiments were conducted with the p53 peptide, we did not observe a significant change in the sedimentation behavior of the MLL1 core complex-even with a 60-fold excess of the p53 peptide (pink line in Figure 8a,b) . These results suggest that the MLL1 Win peptide specifically inhibits the formation of the MLL1 core complex.
We next examined the enzymatic activity of the MLL1 core complex in the presence of increasing amounts of the MLL1 Win peptide using MALDI TOF mass spectrometry. The results show that the H3K4 dimethylation activity of the MLL1 core complex is increasingly inhibited in a manner that is closely dependent on peptide concentration ( Figure 9 ). For example, with a 20-fold molar excess of the MLL1 Win peptide, the relative amount of dimethylation catalyzed by the MLL1 core complex decreases by 31% after 24 hours (compare Figure 9a and 9b) . The amount of H3K4 dimethylation decreases by 55% in the presence of a 30-fold excess ( Figure  9c) , and by 97% in the presence of a 60-fold molar excess of the MLL1 Win peptide ( Figure  9d) . As a consequence, the monomethylation activity of the complex is correspondingly increased (Summarized in Figure 9f) . Because of the effect of the MLL1 Win peptide on the sedimentation behavior of the MLL1 core complex (Figure 8) , and because the MLL1 Win peptide does not inhibit the monomethylation activity of MLL 3745 in the absence of interacting proteins (not shown), it is likely that the MLL1 Win peptide inhibits dimethylation of H3K4 by preventing the association of MLL1 with the WDR5 component of the WDR5-RbBP5-Ash2L sub-complex, which is required for H3K4 dimethylation.
In contrast, when the same experiments were conducted with the p53 peptide, no change in the H3K4 dimethylation activity of the MLL1 core complex was observed-even with a 60-fold excess of peptide (Figure 9e) . These results are summarized in Figure 9f , where we plotted the percent intensity of unmethylated and methylated histone peptides as a function of MLL1 Win peptide (solid lines) or p53 peptide (dashed line) concentrations. These results show that the concentration of the MLL1 Win peptide that is required to inhibit 50% of the H3K4 dimethylation activity of the MLL1 core complex (IC50) is ~400 µM.
DISCUSSION
WDR5 is a common component of complexes containing members of the SET1-family of H3K4 methyltransferases. Previous research suggests that WDR5 functions as a structural platform that bridges the interaction between the catalytic and regulatory subunits of the MLL1 core complex (39, 40, 58) . In particular, it has been proposed that WDR5, RbBP5, and Ash2L forms a sub-complex that interacts interchangeably with the different members of the SET1 family of HMTases, which is required for the regulation of mono-, di-and trimethylation of histone H3 at K4 (39). The molecular mechanisms by which the WDR5-RbBP5-Ash2L structural platform recognizes different catalytic subunits of the SET1 family are unknown. Here we describe the identification of a conserved arginine containing motif, called the "Win" or WDR5 interaction motif, which is located in the N-SET region of MLL1 and other SET1 family members. Our functional characterization of this motif, along with our crystal structure described in the accompanying investigation 1 , demonstrates that the recognition of R3765 of the MLL1 Win motif by WDR5 is critical for the assembly and enzymatic activity of the MLL1 core complex in vitro.
These results are particularly surprising given current models for the role of WDR5 in the MLL1 core complex. For example, in addition to its role as a structural platform, recent research suggests that WDR5 also functions as a histone binding domain (39) (40) (41) (53) (54) (55) . The histone "effector" domain hypothesis suggests that WDR5 functions within the MLL1 core complex to recognize dimethylated H3K4 (40) . Alternatively, it has been suggested that WDR5 binds histone H3 and "presents" the H3K4 side chain for further methylation by the catalytic SET domain of MLL1 (39, 41) . Both of these models predict that histone H3 and MLL1 bind simultaneously to WDR5 at distinct sites (Figure 10a) .
Unexpectedly, our structural and functional results show that R3765 of MLL1 interacts with the same arginine binding pocket of WDR5 that was previously shown to bind R2 of histone H3 (41, (53) (54) (55) . This suggests a new model for the role of WDR5 in SET1 family complexes (Figure 10b) , and also presents a paradox: how does WDR5 simultaneously interact with MLL1 and histone H3 if they bind to the same site on WDR5? The current information adds a new dimension to the problem which must be accounted for by any model for the role of WDR5 in SET1 family complexes.
The histone binding domain model has arisen in part because of the observation that histone H3 peptides bind to free WDR5, which subsequently led to the suggestion that histone H3 binds to WDR5 that is incorporated into the MLL1 core complex (40) . While a number of investigations have confirmed the binding of histone H3 peptides to free WDR5 (40, 41, (53) (54) (55) , there is little evidence that supports a direct interaction of histones with WDR5 while bound to MLL1. Evidence cited in support of this hypothesis includes peptide pull-down experiments that suggest that WDR5 is required for the ability to pull-down a partially purified MLL2 complex (40) . However, it is not clear from these experiments if the complex is pulled down by virtue of an interaction of the peptides with WDR5 or with the catalytic SET domain of MLL2. Indeed, the latter is a significant possibility, as it was previously shown that histone H3 peptides can efficiently pull-down a by on October 5, 2008 www.jbc.org
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SET domain fragment derived from the Drosophila trithorax protein (59) . Therefore, an unambiguous demonstration of a direct interaction of histone peptides with WDR5 while bound to the MLL1 core complex is lacking.
An alternative possibility is that there could be a complex interplay between binding MLL1 and histones during the course of the reaction. However, our results with the R3765A mutation in MLL1 argue against this possibility. This is because if the arginine binding pocket of WDR5 is required for histone binding and presentation within the complex, then an increase in the enzymatic activity of the MLL1 core complex would be expected upon removal of R3765 in MLL1. However, our results clearly show that replacing R3765 with alanine disrupts MLL1's binding to the sub-complex and abolishes the H3K4 dimethylation activity of the MLL1 core complex. This occurs without detectable changes in the secondary structure, hydrodynamic properties, or H3K4 monomethylation activity of the R3765A MLL 3745 enzyme compared to that of the wildtype enzyme. In addition, our results suggest that WDR5 preferentially interacts with MLL1, which forms a stable complex in solution with a dissociation constant (K d ) of 120 nM (Figure2 ,  Table 2 ). This suggests that WDR5 binds to MLL1 with at least ~40-fold greater affinity than that for the binding of free WDR5 to a dimethylated histone H3 peptide in solution, which binds with a K d of 4.5 µM as determined by isothermal titration calorimetry (53) . Indeed, the interaction between WDR5 and MLL1 is the strongest pair-wise interaction among the members of the MLL1 core complex 2 . Dissociation of WDR5 from MLL1 during the course of the reaction is therefore less likely.
Furthermore, it was previously suggested that WDR5 functions as a histone presenter domain based on binding experiments with the Y191F mutation in WDR5 (41) . In previous crystal structures, Y191 interacts with T6 of histone H3, and binding experiments suggest that the replacement of Y191 with phenylalanine reduces histone H3 binding to WDR5 by a factor of 10 (41). However, we observed no changes in the dimethylation activity of the MLL1 core complex when assembled with the Y191F WDR5 protein compared with that of the wild-type complex (Figure7l). Furthermore, we observe that the Y191F WDR5 protein by itself significantly dimerizes in solution whereas the wild-type protein behaves as a monomer. This suggests that decreased histone binding to Y191F WDR5 may be an artifact due to the involvement of the histone H3 binding site in the dimerization. Consistent with this, Y191F WDR5 dimerization is easily displaced by the addition of MLL 3745 , which sediments with Y191F WDR5 as a 1:1 complex-albeit with a modestly increased dissociation constant (Table 2 ). It is likely that MLL 3745 binding to Y191F WDR5 out competes the weaker self-association of the Y191F mutant when present at a 1:1 stoichiometry.
Taken together, these results argue against a role of WDR5 as a histone presenter domain, as least while WDR5 is bound to MLL1. However, they do not rule out a possible role for WDR5 in binding histone H3 in the absence of MLL1. This possibility deserves further exploration.
In contrast, several previously published observations support an interaction of MLL1 with the arginine binding pocket of WDR5. Using a recombinant 180 kDa C-terminal fragment of MLL1 (MLL-C), which contains the catalytic SET domain, Dou and colleagues demonstrated that WDR5 is important for the assembly of the minimal MLL1 core complex; which includes MLL-C, WDR5, RbBP5, and Ash2L (39) . Specifically, they showed that MLL-C's interaction with the WDR5-RbBP5-Ash2L sub-complex is abolished in the absence of WDR5. They also showed evidence that the arginine binding pocket of WDR5 is critical for the interaction of MLL1 with the WDR5-RbBP5-Ash2L sub-complex. They showed that the S91K and F133A mutations in WDR5, both of which reside in the arginine binding pocket, disrupts MLL-C's co-immunopurification with the rest of the complex (39) . While it was previously suggested that the loss of MLL-C from these complexes was due to local conformational changes that prevent MLL-C binding to a distinct site on WDR5 (39), our structural and functional results are not consistent with this hypothesis. In particular, we show that the frictional coefficients of S91K and F133A WDR5 proteins in sedimentation velocity experiments are nearly identical to that of wild-type WDR5 (Table 2) , suggesting each protein has a similar overall hydrodynamic shape. Furthermore, circular dichroism (CD) spectra for the wild-type and mutant WDR5 proteins are highly similar (Figure 5d ), consistent with similar secondary structure content. We also show that the S91K and F133A WDR5 proteins are each capable of forming the 4S* WDR5-RbBP5-Ash2L sub-complex in vitro (Figure 7d and e) . These results suggest that the overall conformation of the S91K and F133A WDR5 proteins is similar to that of wild-type WDR5, and that the loss of MLL-C in coimmunopurification experiments is likely due to the inability of the mutant WDR5 proteins to recognize R3765 of MLL1. This is supported by the results of this investigation. We show that the replacement of R3765 with alanine prevents the interaction of MLL 3745 with WDR5 (Figure 4b ), as well as with the WDR5-RbBP5-Ash2L sub-complex (Figure 7b ). The functional significance of R3765 of MLL1 is demonstrated by the loss of H3K4 dimethylation activity of the MLL1 core complex when assembled with the R3765A mutant MLL 3745 protein (Figure 7h ), or with the S91K mutant WDR5 protein (Figure 7d,j) . A similar result was observed when we attempted to assemble the MLL1 core complex in the absence of WDR5 (Figure 7c, i) .
Intriguingly, our results suggest that there is a correlation between the strength of interaction between MLL 3745 and WDR5 and the ability of the MLL1 core complex to catalyze dimethylation of H3K4. For example, when F133 of WDR5 was replaced with alanine, the interaction of MLL1 with the sub-complex is significantly reduced, and the dimethylation activity of the MLL1 core complex is correspondingly reduced (Figure  7e ,k). Furthermore, similar results were observed using the MLL1 Win motif peptide, which disrupts the interaction of MLL 3745 with WDR5 ( Figure 6 ) and results in a similar loss of H3K4 dimethylation activity by the full MLL1 core complex in vitro, the extent to which is dependent on the dose of the peptide (Figures 8  and 9 ). In the accompanying investigation 1 , our crystal structure of WDR5 bound to the MLL1 Win motif peptide shows that R3765 of the MLL1 Win motif indeed binds in the central arginine binding pocket of WDR5. We also show that the MLL1 Win peptide binds to WDR5 with high affinity, and makes several previously unobserved interactions with conserved residues on WDR5. Since the Win motif is conserved among metazoan SET1 family members, it is possible that a similar mode of recognition is involved in the assembly of all metazoan SET1-family complexes.
In summary, these results suggest that WDR5's recognition of R3765 of MLL1 is crucial for bringing together the catalytic and regulatory subunits of the MLL1 core complex, which is required for the H3K4 dimethylation activity of MLL1 in vitro. Future studies that probe the molecular mechanisms by which the regulatory components of the sub-complex increase the enzymatic activity of MLL1, both in vitro and in vivo, will be instrumental in our understanding of how the SET1 family of lysine methyltransferases contributes to regulation of gene expression in eukaryotes. 3 It was previously shown by yeast two-hybrid and GST-pulldown experiments that MLL 3745 selfassociates (52) . However, we could not detect self-association MLL 3745 in this investigation by sedimentation velocity analysis. This is probably because the limited solubility of MLL 3745 in the absence of interacting proteins prevents performing sedimentation velocity experiments at a high enough concentration to observe significant self-association. In support of this, control sedimentation equilibrium experiments show that MLL 3745 weakly self-associates with a K d of 12.7 µM (Patel and Cosgrove, unpublished). 
